cephalus, ICBF was globally reduced in cortical gray mat ter and white matter as well as deep subcortical struc tures. The maximum reduction was in the parietal white matter, to 37% of control levels. At 3 weeks a significant reduction in ICBF persisted only in the white matter (pa rietal, occipital, and corpus callosum; average, 42% of control levels), whereas cortical gray and deep subcorti cal structures had returned to normal levels spontane ously. ICBF was normal in 3-week hydrocephalic shunted animals in all areas, CSF shunting restores the fall in ICBF in the periventricular white matter in this model. These findings are consistent with previous studies in the same model demonstrating derangement of high-energy phosphate metabolism and white matter anaerobic glycol ysis with hydrocephalus and resolution with shunting.
Summary:
The extent to which the reduction in CBF oc curring in hydrocephalus is a primary or secondary event in the pathogenesis of the brain injury that ensues has not been clearly established. This is particularly true in neo natal hydrocephalus, where the disorder is most com mon, and where timing of the treatment of the developing nervous system is so important. We investigated the changes in local CBF (lCBF) in an animal model of severe progressive neonatal hydrocephalus before and after CSF shunting. Hydrocephalus was induced in 27 I-week-old kittens by percutaneous injection of a.05 ml of 25% kaolin into the cisterna magna. Fourteen littermates acted as controls. The ICBF was measur�d by 14C-io c t oantipyrine quantitative autoradiography after 1 week in 15 animals (8 hydrocephalic, 7 controls) and after 3 weeks in 26 animals (19 hydrocephalic, 7 controls) following induction of hy drocephalus. Twelve of the 3-week hydrocephalic group received a ventriculoperitoneal shunt \0 days following kaolin injection. At I week following induction of hydro-Congenital hydrocephalus occurs in approxi mately 1 per 1,000 live births; any insult to the peri natal brain such as intraventricular hemorrhage, in fection, or trauma can result in hydrocephalus so that the incidence of infantile hydrocephalus is ap proximately 3-4 per 1,000 live births (McCullough, 1989) , While it is always difficult to separate the effects of the original injury from the effects of pro gressive hydrocephalus, there is little doubt that the hydrocephalic process itself does eventually lead to a cerebral injury that may be permanent (Rosenberg et aI., 1983; Brooks et al., 1986; del Bigio and Bruni, 1988a,b, 1991; Drake et al., 1989; Glees et al., 1989; Lovely et al., 1989; Wright et al., 1990; Hale et al., 1992; Kriebel et al., 1993; Chumas et al., 1994; del Bigio et al., 1994) . This injury involves the brain morphology, vasculature, energy metabolism sys tem, and maturational processes. Crucial unan swered questions are: (a) What are the primary pathogenic mechanisms? and (b) At what stage can the induced changes be prevented or reversed by treatment?
Previous work from this laboratory on a model of experimental neonatal hydrocephalus has demon strated that there is a disturbance of the high-energy phosphate and glucose metabolism with the induc-tion of hydrocephalus in newborn kittens (Chumas et aI., 1994; da Silva et aI., 1994) . These changes were readily prevented by the insertion of a ven triculoperitoneal (VP) shunt. Nevertheless, changes in phospholipid metabolism did not completely re cover and there was evidence of delayed myelina tion and gliosis in the white matter of the shunted animals (del Bigio et aI., 1994) . The present study examined the role of CBF in the pathophysiology of this model of neonatal hydrocephalus by measuring the local CBF (lCBF) using quantitative autoradi ography.
MATERIALS AND METHODS

Animal model
The experimental protocol for this project was ap proved by the animal care committee of the Research Institute, The Hospital for Sick Children. Forty-one mon grel kittens obtained from the breeding colony of the Re search Institute were randomly assigned to I-week con trol (n = 7), I-week hydrocephalic (n = 8). 3-week con trol (n = 7), 3-week hydrocephalic (n = 7), and 3-week shunted (n = 12) groups ( Fig. I) .
Hydrocephalus was induced by percutaneous injection of 0.05 ml of a sterile solution of 25% kaolin into the cisterna magna. Control kittens received 0.05 ml of sterile saline injected into the same site. The shunted group re ceived a VP shunt 10 days after the induction of hydro cephalus. The system inserted consisted of a straight ven tricular catheter and a low-pressure distal slit valve, joined by a plastic connector. Proper shunt function was confirmed by clinical examination of the size and tension of the anterior fontanal and the head circumference and, if necessary, by ultrasound through the open fontanel. Magnetic resonance imaging (MRl) was performed in all animals prior to the ICBF experiment to evaluate ventric ular size. Kittens in the shunted group also had MRI per formed before the VP shunt insertion, to confirm hydro cephalus. A detailed description of the techniques used in this experiment for the induction of hydrocephalus and insertion of the VP shunt, as well as a description of the Age 1 wee, �. L Kaolin or Saline � .. • �nlectlon clinical examination, has been given elsewhere (da Silva et aI., 1994) .
ICBF measurements
ICBF was measured by 14C-iodoantipyrine quantitative autoradiography based on methods developed for the rat (Sakurada et aI., 1978) , as described previously (Tuor, 1991) . Anesthesia was induced with a mixture of 4% halo thane and 50% nitrous oxide. Anesthesia was maintained throughout the experiment with 1.5% halothane and 50% nitrous oxide. Respiration was controlled by means of endotracheal intubation and positive-pressure ventillation so as to produce normal blood gases. Both femoral arter ies and one vein were cannulated at the inguinal region with 15-cm-Iong polyethylene (PESO) catheters. One ar tery was connected to a pressure transducer to monitor the blood pressure. Arterial blood samples were taken periodically and analyzed for Peo2, POz, and pH. For the measurement of blood flow 14C-iodoantipyrine (150 f.LCil kg) was injected through the venous catheter at a progres sively increasing rate, during which period timed micro samples (30--40 f.L1) of arterial blood were collected from a catheter with freely flowing blood. At 30 s after the be ginning of the isotope injection, the kittens were killed by decapitation. The skin overlying their skull was rapidly removed and the skull frozen in liquid nitrogen and stored in a -75°C freezer. Aliquots (20 f.LI) of the arterial blood samples were analyzed by scintillation counting. The skull wa� subsequently removed on dry ice and the brain was sectioned in the coronal plane in a cryostat at -20°C. Sections 20 f.Lm thick were placed on coverslips, dried on a hotplate at 60°C, and exposed to x-ray film in a lighttight cassette for 14-21 days, along with a set of 16 calibration standards.
Calculation of ICBF
The resulting autoradiograms were analyzed using a computerized image analysis system (MClD, Imaging Res. Inc., St. Catharines, Ontario, Canada) (Tuor et aI., 1994) . For each anatomical region chosen for analysis, ICBF was calculated as a mean of at least six measure ments from six sequential coronal slices. ICBF was cal culated using the concentration of tracer in blood and brain applying the theory of a freely diffusible tracer n=41 � ( Reivich et aI., 1969) . The white matter of the corpus callosum and occipital areas was also examined in the 4-week-old animals. Care was taken in the shunted ani mals to avoid areas adjacent to the shunt tract, which might be affected by the trauma of shunt placement.
Statistical analysis
All data are reported as mean ± standard deviation. Differences between groups were compared using an analysis of variance and Student's t test with a Bonferroni correction for a mUltiple comparison of means. The cor relation between the physiologic variables and the lCBP results was tested by linear regression analysis with the least-squares method.
RESULTS
Animal model
All animals injected with kaolin into the cisterna magna developed a rapidly progressive hydroceph alus, characterized by increased head size, persis tent patency of the anterior fontanel, initial loss of body weight, and diminished activity. At later stages, sunsetting of the eyes, poor head control, incoordination, and gait ataxia also developed. MRI performed at I week postinjection confirmed the enlarged ventricles, also seen on the autoradio grams (Fig. 2) .
The surgical shunt procedure was well tolerated, with no mortality or significant morbidity. VP shunting resulted in rapid resolution of the hydro cephalus as indicated by closure of the anterior fon tanel in all shunted animals by'the third postopera tive day and reduced head circumference. The other clinical features disappeared and motor devel opment and activity levels returned to normal. The cerebral ventricles in all shunted animals were sig nificantly reduced in size, although not always to normal size (Fig. 2) . The VP shunts were tested immediately prior to the lCBF experiment for all kittens in the shunted group, and all but one animal were functioning properly. In this case the shunt had migrated to the abdominal cavity; nevertheless, CSF drainage proceeded through the fibrous path of the shunt and the animal had no sign of shunt mal function.
ICBF
There was no significant difference among the three groups of animals regarding any of the phys iological variables noted during the experiment, ex cept for body weight (Table I) . When tested, there was no significant correlation between the physio logical variables and the results presented below. lCBF values from I week post onset of hydro cephalus are shown in Fig. 3 , and those from 3 weeks post onset of hydrocephalus in Fig. 4 . All ICBF values in the older control animals are much higher than in the younger control animals, in keep ing with the increase in lCBF seen in normal brain growth and maturation in kittens. At I week post onset of hydrocephalus there is a global reduction in lCBF that affects both cortical white and cortical gray matter as well as deep subcortical gray matter structures. Not all areas achieve statistical signifi cance, and the anterior thalamus appears to be un affected. The most severe reduction is in the pari etal white matter, which is reduced to 37% of con trol values (p < 0.05).
In contrast, at 3 weeks post onset of hydroceph alus, only the white matter lCBF is significantly re duced (parietal, occipital, and corpus callosum), to an average of 42% of control values (p < 0.05) (Fig.  4) . Although the frontal white matter ICBF is re duced (68% of control levels), it is not the statisti cally significant levels. All cortical and deep sub cortical gray matter structures have recovered to normal (or in fact slightly increased) levels. The shunted animals (shunt inserted I week post onset of hydrocephalus) have normal lCBF levels in all areas.
DISCUSSION
There are two salient findings in this study. First is the apparent evolution in hydrocephalic animals of CBF from a global reduction at I week, involving both gray and white matter regions, to an improve ment in gray matter CBF (both cortical and deep) at 3 weeks, but a persistent reduction in CBF in white matter. Second is the normalization of CBF pat terns after CSF shunts were inserted 1 week follow ing the onset of hydrocephalus.
The neonatal feline model of hydrocephalus
Clearly the above-mentioned changes may be model specific. However, many features of this model resemble human neonatal hydrocephalus. Rapid ventricular enlargement occurs within 24 h of kaolin injection and progresses in a parabolic fash ion up to 19 days post kaolin injection (McAllister et aI., 199 1). The animals develop a bulging and wide open anterior fontanel, split sutures, sun setting of the eyes, and mild motor impairment (Chumas et aI., 1994; da Silva et aI., 1994) , and the hydroceph alus responds rapidly to shunting.
ICBF
The I-week global reduction in CBF, most pro nounced in the periventricular white matter, is con sistent with a number of other studies, including studies in adult cats (Hochwald et aI., 1975; Higashi et aI., 1986; Kang et aI., 199 1) , adult rats (Richards et aI., 1989; Kim et aI., 199 1) , adult rabbits (Oka et A al., 1986) , and humans (Greitz et ai., 1969; Brooks et ai., 1986; Vorstrup et ai., 1987; Shahar et ai., 1988; Nishimaki erai., 1990; Caner et ai., 199 1; Goh et ai., 199 1; Hasan et ai., 199 1; Shinoda et ai., 1992a,b; Shirane et ai., 1992; Sheffler et ai., 1994) . A significant decrease in ICBF in the cortex, white matter, thalamus, and midbrain of adult cats with kaolin-induced hydrocephalus was found in both acute and chronic stages (Kang et ai., 199 1 (A, B) , hydrocephalic (C, D), and shunted (E, F) kittens 3 weeks following injection of saline (control) or kaolin (hydroceph alic and shunted). Note the sig nificant ventriculomegaly of hy drocephalics that was reversed with CSF shunting. In periven tricular areas of hydrocephalic brains, the autoradiograms are very pale, corresponding to very low CBF.
duced ICBF in all cortical regions and the inferior colliculus of HTX rats with congenital hydroceph alus, 21 and 30 days after birth, using 14 C_ iodoantipyrine quantitative autoradiography has also been reported (Jones et ai., 1993) . Most clinical studies, using a variety of measurement methods, have been performed in adult patients with normal pressure hydrocephalus and have demonstrated a decrease in CBF. However, hypoperfusion in four hydrocephalic infants was demonstrated with posi tron emission tomography (Shirane et aI., 1992) , and reduced peri ventricular blood flow in a small group of hydrocephalic children was demonstrated with single-photon emission computed tomography (Hirai et aI., 1989) .
A remarkable finding in this study is that ICBF returned to normal spontaneously in all areas, ex cept periventricular white matter, 3 weeks follow- ing the onset of hydrocephalus despite the severe and persistent ventriculomegaly. This is in distinc tion to the above-mentioned animal models and hu man studies. In fact in HTX rats with equally severe ventricular dilatation, there was no reduction of ICBF at 10 days of age, but global decreases at 20 and 30 days (Jones et aI., 1993) . The explanation of the findings in this model may be related to the lower rate of ventricular enlargement (McAllister et aI., 199 1) and the lower intracranial pressure at the 3-week than at the I-week period.
The wide-open fontanel and sutures may contribute to this pressure reduction.
There are a number of explanations for the per sistent reduction in peri ventricular white matter ICBF, all of which are probably, to some extent, contributory. First, the white matter may be uniquely susceptible to moderate levels of isch emia. Oligemia in adult cats resulted in marked al terations in A TP, phosphocreatine, and lactate con tent in the subcortical white matter, whereas the cortex and caudate were only moderately affected (Welsh et aI., 1978) . This may be a result of the architecture of the cerebral vasculature, where pen etrating vessels to the subcortical white matter must traverse a longer distance through the cortex. A number of studies have also shown compression and reduction of the number of capillaries in the white matter in hydrocephalic animals (Sato et aI., 1984; Okuyama et aI., 1987; del Bigio and Bruni, 1988a,b; Glees et aI., 1989; Jones et aI., 199 1) . This presumably results from increased mechanical dis tortion, as a function of increased local stress and shear forces (N agashima et al., 1987) . Finally, white matter edema, a consistent finding in all forms of acute hydrocephalus, may also impair ICBF (Sutton et aI., 1980) .
Return of ICBF to normal in the periventricular white matter with shunt insertion presumably re sults from resolution of the possible causative fac tors discussed above. Increased CBF has also been reported following shunting in small groups of pa- tients (Greitz et aI., 1969; Brooks et a!., 1986; Sha har et ai., 1988) .
Metabolic and structural changes
In previous studies we found that high-energy phosphate metabolism was normal 1 week post ka olin injection, but there was a reduced phosphocre atine/Pi ratio at 3 weeks (da Silva et a!., 1994). Shunt insertion prevented this change. Similarly glucose metabolism was reduced solely in the white matter at 3 weeks post kaolin irtiection, with small focal areas of increased activity suggestive of anaerobic glycolysis (Chumas et ai., 1994) . Glucose metabo lism was normal in the shunted animals. Finally, under light microscopy, the predominant patholog ical insult in this model is to the white matter, with early white matter edema, axonal swelling, karyor rhectic cells, and delayed myelination (del Bigio et aI., 1994) . In more severely affected areas, frank cystic necrosis occurred. While shunting often re- stored the gross morphology to normal or near normal, there was persistent evidence of delayed myelination and white matter gliosis. Reduced cor tical norepinephrine levels, which were increased with shunting, and impaired dendritic morphology, also improved with shunting, have also been re ported in the same model (Lovely et a!., 1989; Wright et a!., 1990; Kriebel et ai., 1993; Hale et ai., 1992) .
The previous metabolic and structural studies fit very well with the CBF data, but at issue is the effect of prolonged reductions of white matter blood flow to 40% of control levels. Mild degrees of isch emia that do not lead to acute energy failure have been shown to lead to impairment of energy metab olism (Hope et ai., 1984; Komatsumoto et ai., 1987; da Silva et ai., 1994) . Decreased CBF levels have also been associated with inhibition of protein syn thesis (Mies et ai., 199 1) . Chronic hypoperfusion in gerbils has led, after 8 weeks, to distinctive white matter lesions consisting of rarefaction and gliosis (Hattori et aI., 1992) . Energy availability is of crit ical importance in the developing brain for matura tion processes. The metabolic pathways related to energy synthesis normally mature at a fast pace (Carey, 1982; Meisami and Timiras, 1982; Albers, 1985; Bursztein et aI., 1989; Erecinska and Silver, 1989; Hovda et aI., 1992) and energy demands in crease rapidly with age. These events are accompa nied by marked increases in ICBF (Weller and Shul man, 1972; del Bigio and Bruni, 1988a,b) , as dem onstrated in this study. The injury to the white matter may be a result of the failure of a moderate reduction of blood flow to meet the increased bio synthetic energy demands. Oligodendrocytes of im mature brains have a high level of phosphocreatine, as high as that of neurons, presumably related to myelination demands (Manos et aI., 199 1) , and anaerobic glycolysis was found in the cores of the gyri, areas of active myelination in kittens this age (Chumas et aI., 1994) . Thus, lCBF may not need to reach acute energy failure thresholds to induce se rious injuries to the developing brain (Kudo et aI., 1993) .
Improved dendritic architecture has been re ported in this model (Wright et aI., 1990) as well as in the rat (Suda et aI., 199 1) (which correlated with improved maze performance) postshunting. While this is reasonable given the restoration of more nor mal brain gross morphology" normal i n tracranial pressure, resolution of edema, etc., somewhat dis concerting are the persistent pathological changes of delayed white matter myelination and gliosis. Permanent injury following shunting has been re ported in other studies (del Bigio and Bruni, 1988a,b; Shirane et aI., 1992; Williamson et aI., 1992; Kriebel et aI., 1993) . This suggests that per manent injury may result despite normalization of physiological parameters. Delayed shunting in the HTX rat resulted in worse cortical and dendritic architecture, as well as impaired maze learning, compared to animals shunted at an earlier date (Suda et aI., 199 1) . This, along with our findings, suggests that there is a therapeutic window, where the permanent detrimental effects of hydrocephalus can be partially, if not totally, avoided. This period needs better definition, particularly in terms of mea surable metabolic impairment, so that the similar physiological measurements can be made in hydro cephalic patients, to determine if a similar therapeu tic window exists.
Conclusion
CBF was globally reduced 1 week following the onset of kaolin-induced hydrocephalus in neonatal kittens. The reduction was most severe in the periventricular white matter. At 3 weeks following the onset of hydrocephalus, reduced blood flow was restricted to the periventricular white matter. CSF shunting 1 week following the onset of hydroceph alus restored blood flow in this region to normal. Taken in account with evidence of anaerobic gly colysis and reduced high-energy phosphate metab olism in the same model, reduced blood flow is an important and possible primary pathogenic mecha nism in neonatal hydrocephalus.
